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AB STR AC T 

N e w  a n a l y s i s  t o o l s  a n d  a d d i t i o n a l  u n a n a l y z e d  o b s e r v a t i o n s  j u s t i f y  a 

r e a n a l y s i s  of MP C y g n i .  T h e  r e a n a l y s e s  a p p l i e d  s u c c e s s i v e l y  more 

r e s t r i c t i v e  p h y s i c a l  models, each w i t h  a n  o p t i m i z a t i o n  program. The f i n a l  

model a s s i g n e d  s e p a r a t e  f i r s t -  and second-order  l imb d a r k e n i n g  c o e f f i c i e n t s ,  

from model a tmospheres ,  t o  i n d i v i d u a l  g r i d  p o i n t s .  

P rope r  o p e r a t i o n  of  t h e  o p t i m i z a t i o n  p r o c e d u r e  has b e e n  t e s t e d  o n  

s i m u l a t e d  o b s e r v a t i o n a l  d a t a ,  p r o d u c e d  by l i g h t  s y n t h e s i s  w i th  a s s i g n e d  

system p a r a m e t e r s ,  a n d  m o d u l a t e d  by s i m u l a t e d  o b s e r v a t i o n a l  e r r o r .  The 

i t e r a t i v e  s o l u t i o n  converged t o  a weakly-determined mass r a t i o  of 0.75. The 

sys tem h a s  deep  p a r t i a l  e c l i p s e s .  The bolometr ic  a l b e d o  of t h e  s e c o n d a r y  

h a s  a s t r o n g  e f f e c t  a t  t h e  s h o u l d e r s  of secondary  minimum. The i t e r a t i v e  

s o l u t i o n  de te rmined  a v a l u e  of A = 0.53. Th i s  r e s u l t  is i n  c o n t r a s t  t o  t h e  

t h e o r e t i c a l l y  e x p e c t e d  v a l u e  of  1 . 0 .  The  same r e s u l t  f o l l o w s  with two 

independent  l i g h t  s y n t h e s i s  p r o g r a m s  a n d  w i t h  t h r e e  i n d e p e n d e n t  s e t s  o f  

o b s e r v a t i o n a l  d a t a .  

Assuming t h e  B3 pr imary  component is o n  t h e  main s e q u e n c e ,  we c a l c u l a t e  

t h e  HR diagram l o c a t i o n  o f  t h e  secondary  from the l i g h t  r a t i o  ( o r d i n a t e )  and  

a d j u s t e d  T ( a b s c i s s a ) .  To w i t h i n  t h e  accuracy  of t h e s e  q u a n t i t i e s ,  t h e  

secondary  is a B 7  main sequence  ob jec t .  

-2 

eff 

The d e r i v e d  mass ra t io ,  q ,  t o g e t h e r  w i t h  a ma in - sequence  mass f o r  t h e  

B 3  componen t ,  i m p l i e s  a main-sequence  secondary  s p e c t r a l  t y p e  of B4. The 

pho tomet r i ca l ly -de te rmined  secondary  r a d i i  agree w i t h  t h i s  s p e c t r a l  t y p e ,  in 

marging.1 d i s a g r e e m e n t  ( 3 a ,  estimated) w i t h  t h e  B7 t y p e  from t h e  H R  diagram 

a n a l y s i s  . 

- 
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T h e  i n d i v i d u a l  masses, d e r i v e d  from t h e  r a d i a l  v e l o c i t y  c u r v e  of t h e  

pr imary component, t he  pho tomet r i ca l ly -de te rmined  i ,  and a l t e r n a t i v e  v a l u e s  

of 9 are s e r i o u s l y  d i s c r e p a n t  with main sequence  o b j e c t s .  

- 

The i m p u t e d  p h y s i c a l  S t a t u s  o f  t h e  s y s t e m  i s  i n  d i s a g r e e m e n t  w i t h  

r e p r e s e n t a t i o n s  t h a t  have appea red  in  t h e  l i t e r a t u r e .  

S u b j e c t  head ings :  s t a r s - a tmosphe res  - stars: e c l i p s i n g  b i n a r i e s  - stars: 
i n d i v i d u a l  (MR Cyg) 
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I .  I n t r o d u c t i o n  

M R  Cygn i  (BD+47O3639; SA0 0 5 1 5 0 9 )  has  b e e n  t h e  s u b j e c t  of numerous 

T h e s e  h a v e  i n c l u d e d  R u s s e l l  Model s o l u t i o n s  by l i g h t  c u r v e  s o l u - t i o n s .  

L a v r o v  ( 1 9 6 5 1 ,  H a l l  a n d  Hardie ( 1 9 6 9 1 ,  P r o c t o r  a n d  L i n n e l l  (19721,  and 

B a t t i s t i n i ,  B o n i f a z i ,  a n d  G u a r n i a r i  ( 1 9 7 2 ) ,  Kopa l  method s o l u t i o n s  b y  

S t i d e r h j e l m  ( 1 9 7 4 ,  1 9 7 8 1 ,  a n d  l i g h t  s y n t h e s i s  s o l u t i o n s  b y  W i l s o n  a n d  

Devinney (1971,  hereafter WD), H i l l  and H u t c h i n g s  ( 1 9 7 3 a ,  h e r e a f t e r  H I H ) ,  

a n d  E a t o n  (1975) .  A l l  of t h e  s o l u t i o n s  l a t e r  t h a n  1965 have used  t h e  U ,  B ,  

V ,  o b s e r v a t i o n a l  d a t a  o f  H a l l  a n d  Hardie ( 1 9 6 9 ,  h e r e a f t e r  H A H ) .  T w o  

s e p a r a t e  s e t s  o f  V ,  B o b s e r v a t i o n s  h a v e  b e e n  p u b l i s h e d  s i n c e  1 9 6 9 :  

B a t t i s t i n i ,  B o n i f a z i ,  and G u a r n i e r i  (1972,  hereafter BBG) and  Murnikova  a n d  

Pa ramonova  ( 1980, hereaf te r  MP). The BBG da ta  were i n c l u d e d  i n  t h e  second 

a n a l y s i s  by SCSderhjelm ( 1 9 7 8 ) ;  MP data have n o t  been t h e  s u b j e c t  o f  a l i g h t  

s y n t h e s i s  a n a l y s i s .  

- -  
- 

- -  

S e v e r a l  a d d i t i o n a l  c o n s i d e r a t i o n s  commend a new l i g h t  s y n t h e s i s  s t u d y  

o f  t h i s  system. These c o n s i d e r a t i o n s  a r e  t h e  f o l l o w i n g :  ( 1 )  The WD 

s o l u t i o n  used  an i n i t i a l  v e r s i o n  of t h e  WD l i g h t  s y n t h e s i s  p r o g r a m .  The  

i n i t i a l  s e p a r a t e  wavelength s o l u t i o n s  were s u p e r s e d e d  by a s imul t aneous  B ,  V 

s o l u t i o n  ( W i l s o n  a n d  D e v i n n e y  1 9 7 2 ,  h e r e a f t e r  W D I I ) .  The  o r i g i n a l  W D  

p r o g r a m  was m o d i f i e d  t o  e f f e c t  a n  i m p r o v e d  t r e a t m e n t  o f  t h e  r e f l e c t i o n  

e f f e c t  ( W i l s o n ,  D e L u c c i a ,  J o h n s t o n ,  a n d  Mango 1 9 7 2 ) .  ( S e e  a l s o  t h e  

d e s c r i p t i o n  of o p e r a t i n g  modes i n  Leung  a n d  W i l s o n  ( 1 9 7 7 )  a n d  f u r t h e r  

d e s c r i p t i o n  of d i f f e r e n t i a l  c o r r e c t i o n s  i n  W i l s o n  ( 1 9 7 9 ) ) .  T h e  WDII 

s o l u t i o n  h a s  t h e  u n d e s i r a b l e  p r o p e r t y  of r e q u i r i n g  n e g a t i v e  l i m b  darkening  

c o e f f i c i e n t s  fo r  t h e  s e c o n d a r y  componen t  i n  b o t h  B a n d  V .  ( 2 )  The re  is  

s u b s t a n t i a l  v a r i a t i o n  among t h e  d i f f e r e n t  l i g h t  s y n t h e s i s  s o l u t i o n s  of t h e  

same o b s e r v a t i o n a l  da ta .  Thus,  t h e  Eaton  a n d  H I H  s o l u t i o n s  d e r i v e d  t o t a l  

- -  

- - 
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e c l i p s e s  w h i l e  t h e  W D  s o l u t i o n  d i d  n o t .  ( 3 )  W i t h  t h e  e x c e p t i o n  o f  

Sbderhjelm's s t u d y ,  none o f  t h e  pub l i shed  l i g h t  s y n t h e s i s  s o l u t i o n s  p r o v i d e  

r e s i d u a l s  p l o t s ,  We r e g a r d  r e s i d u a l s  p l o t s  as e s s e n t i a l  e l emen t s  of any 

d e f i n i t i v e  s o l u t i o n .  ( 4 )  The H I H  and WD ( and  W D I I )  s o l u t i o n s  u s e d  n o r m a l  

p o i n t s .  I t  is  o u r  c o n t e n t i o n  t h a t  i n d i v i d u a l  o b s e r v a t i o n s  shou ld  be  used 

rather t h a n  normal p o i n t s .  The power o f  w i d e l y  a v a i l a b l e  c o m p u t e r s  has 

i m p r o v e d  t o  t h e  p o i n t  where i n d i v i d u a l  o b s e r v a t i o n s  now can easi ly  be used.  

( 5 )  Neither t h e  H I H  n o r  the  two WD s o l u t i o n s  i n c l u d e d  t h e  mass r a t i o ,  q ,  as 

a v a r i a b l e  pa rame te r .  D i f f e r e n t  cho ices  for  q ,  from s p e c t r o s c o p i c  sources, 

l e d  t o  very d i f f e r e n t  p h y s i c a l  c o n d i t i o n s .  (6) The e v o l u t i o n a r y  s t a t e  o f  

t h e  s y s t e m ,  i n f e r r e d  from the  d e r i v e d  sys t em p a r a m e t e r s ,  is ve ry  d i f f e r e n t  

i n  t h e  v a r i o u s  a n a l y s e s .  HAH o b t a i n  uncomplicated main s e q u e n c e  B 3  a n d  B 8  

c o m p o n e n t s .  WD a n d  E a t o n  o b t a i n  an o v e r l u m i n o u s  s e c o n d a r y  which t h e y  

s u g g e s t  may s t i l l  be  c o n t r a c t i n g  t o  the main sequence .  H I H  d e r i v e  s l i g h t l y  

evo lved  primary and secondary  components, w i t h  t h e  pr imary component n e a r i n g  

hydrogen c o r e  e x h a u s t i o n .  Sdderhjelm a r g u e s  f o r  a semi-detached p o s t  mass- 

t r a n s f e r  o b j e c t ,  ( 7 )  We h a v e  a v a i l a b l e  a p o w e r f u l  new p a r a m e t e r  

o p t i m i z a t i o n  p rocedure  (Kallrath and L i n n e l l  1987, hereafter KL). ( 8 )  None 

of  t h e  p r i o r  o p t i m i z a t i o n  s o l u t i o n s  p r o v i d e s  a n  i n d e p e n d e n t  t es t  o f  t h e  

s o l u t i o n  convergence p r o p e r t i e s ,  d e s c r i b e d  s u b s e q u e n t l y .  We p r o p o s e  t h i s  

t e s t  as  a n  Impor t an t  e l emen t  i n  l i g h t  s y n t h e s i s  s o l u t i o n s .  S p e c i f i c a l l y ,  we 

a r g u e  tha t  s y n t h e t i c  " o b s e r v a t i o n a l "  d a t a  s h o u l d  b e  g e n e r a t e d  w i t h  known 

system pa rame  ters  a g r e e i n g  w i t h  t h e  d e r i v e d  p a r a m e t e r s  f o r  t h e  a c t u a l  

o b s e r v a t i o n s  o f  t h e  system under s tudy ,  t h e  d a t a  s h o u l d  b e  m o d u l a t e d  w i t h  

s i m u l a t e d  o b s e r v a t i o n a l  e r r o r s ,  and t h e  r e s u l t a n t  data s h o u l d  be  ana lyzed  

with t h e  same procedure  used t o  discuss t h e  a c t u a l  o b s e r v a t i o n a l  d a t a .  I t  

s h o u l d  b e  d e m o n s t r a t e d  t h a t  system pa rame te r s  o r i g i n a l l y  s p e c i f i e d  f o r  t h e  
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s y n t h e t i c  d a t a  can be  r e c o v e r e d  t o  a p p r o p r i a t e  a c c u r a c y  w i t h i n  t h e  number of 

i t e r a t i o n s  a c t u a l l y  a p p l i e d ,  a n d  t h a t  t h e  f i n a l  i t e r a t i o n  r e p r e s e n t s  a 

stable s i t u a t i o n - n o t  s u b j e c t  t o  s i g n i f i c a n t  f u r t h e r  c h a n g e  w i t h  a d d i t i o n a l  

i t e r a t i o n s .  The s t a r t i n g  p a r a m e t e r s  f o r  t h e  a n a l y s i s  of t h e  s y n t h e t i c  da ta  

s h o u l d  d i f f e r  from t h e  known parameters by a t  least as much as  was t r u e  f o r  

t h e  a n a l y s i s  o f  t h e  a c t u a l  d a t a .  T h i s  i s  n o t  a new p r o p o s a l .  L i n n e l l  

(19731, H i l l  (1979) and  Popper (1984) have made s imi la r  p r o p o s a l s .  I t  i s  

n o t  s u f f i c i e n t  t o  t e s t  p r o p e r  o p e r a t i o n  of t h e  program, from a s t r u c t u r a l  

s t a n d p o i n t ,  b y  a number o f  i n i t i a l  a n a l y s e s  o f  t h i s  t y p e .  R a t h e r ,  a 

s i m u l a t i o n  t e s t  o f  t h e  t y p e  p r o p o s e d  s h o u l d  be performed for each system 

b e i n g  a n a l y z e d .  An i t e r a t i v e  s o l u t i o n  is  a h i g h l y  n o n l i n e a r  p r o c e s s .  

C o n v e r g e n c e  p r o p e r t i e s  a r e  n o t  g l o b a l ;  t hey  s h o u l d  be checked s e p a r a t e l y  

wi th  each new parameter  se t .  

S e c t i o n  I1 of t h i s  p a p e r  p r e s e n t s  d e t a i l s  o f  o u r  M R  Cyg s o l u t i o n s .  

S e c t i o n  I11 d i s c u s s e s  t h e  BBG da t a ,  and s e c t i o n  I V ,  t h e  MP data.  S e c t i o n  V 

c o n t a i n s  a d i s c u s s i o n  o f  t h e  s y s t e m  p h y s i c a l  s t a t u s .  Conc lus ions  are  i n  

S e c t i o n  V I .  

11. System S o l u t i o n ,  HAH Data 

We begin wi th  a s t u d y  of t h e  HAH data .  The o r i g i n a l  W D  s o l u t i o n  was 

d o n e  i n  mode 0 ,  b y  s epa ra t e  w a v e l e n g t h s .  S u b s e q u e n t  e l a b o r a t i o n  w i t h  

a d d i t i o n a l  modes p rov ided  more r e a l i s t i c  p h y s i c s ,  d e s c r i b e d  by  Leung  a n d  

W i l s o n  ( 1 9 7 7 ) .  We s t a r t e d  w i t h  t h e  f i n a l  s y s t e m  p a r a m e t e r s  from t h e  W D  

s o l u t i o n  and a p p l i e d  o u r  s i m p l e x  t e c h n i q u e  ( K L )  t o  t h e  i n d i v i d u a l  l i g h t  

c u r v e s ,  u s i n g  t h e  newer ( 1 9 7 7 )  WD p r o g r a m  i n  mode 2 .  One o f  u s  ( J K )  h a s  

f u r t h e r  r e v i s e d  t h e  WD p r o g r a m  t o  r u n  i n  d o u b l e  p r e c i s i o n  on  o u r  V A X  

c o m p u t e r .  O p t i m i z a t i o n  w i t h  t h e  s i m p l e x  a l g o r i t h m  is under  c o n t r o l  O f  a 

program cal led LCCTRL (Kallrath and L i n n e l l  1987).  Only t h a t  p o r t i o n  Of t h e  
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WD d i f f e r e n t i a l  c o r r e c t i o n s  s u b r o u t i n e  which g e n e r a t e s  a s y n t h e t i c  l i g h t  

c u r v e  a c t u a l l y  is cal led by LCCTRL. Thus t h e  o p t i m i z a t i o n  r e p o r t e d  here f o r  

t h e  WD p r o g r a m  makes no u s e  o f  t h e  WD d i f f e r e n t i a l  c o r r e c t i o n s  p rocedure  

i t s e l f .  

A l l  of  o u r  s o l u t i o n s  a s s i g n e d  w e i g h t s  t o  t h e  i n d i v i d u a l  o b s e r v a t i o n s  

p r o p o r t i o n a l  t o  - !21’2, where - 9. i s  t h e  l i g h t  v a l u e .  We o p t i m i z e d  o n  t h e  

i n d i v i d u a l  o b s e r v a t i o n s .  T h e  r e s u l t s  o f  t h a t  o p t i m i z a t i o n ,  a f t e r  6 0  

i t e r a t i o n s ,  are i n  KL, Table 1 .  B r i e f l y ,  we effected a s u b s t a n t i a l  f u r t h e r  

r e d u c t i o n  i n  t h e  v a r i a n c e  o f  t h e  i n d i v i d u a l  B ,  V l i g h t  c u r v e s .  A p l o t  o f  

t h e  i n d i v i d u a l  r e s i d u a l s  from t h e  WD mode 0 s o l u t i o n  ( u s i n g  t h e  n e w e r  

v e r s i o n  of t h e  WD p r o g r a m )  i n d i c a t e s  t h e  p r o b a b i l i t y  t h a t  t h e  o r i g i n a l  

s o l u t i o n  had n o t  converged completely.  That p l o t  a p p e a r s  i n  K L ,  F i g u r e  8. 

T h e  a d o p t e d  p o l a r  t e m p e r a t u r e  o f  t h e  p r i m a r y ,  18000K, agreed w i t h  t h e  WD 

s t u d y  . 

- -  

The s e p a r a t e  U s o l u t i o n  f i ts  t h e  o b s e r v a t i o n s  well and produces system 

parameters i n  good a g r e e m e n t  w i t h  t h e  V ,  B s o l u t i o n s  e x c e p t  f o r  L 2 ,  t h e  

p o l a r  t e m p e r a t u r e  o f  t h e  secondary .  

- 
- -  

A systematic t r e n d  is a p p a r e n t  ( K L )  a t  s econdary  minimum i n  t h e  B and U - - 
r e s i d u a l s .  No t r e n d  is a p p a r e n t  i n  t h e  V r e s i d u a l s .  - 

The s e p a r a t e  s i m p l e x  + W D  p r o g r a m  s o l u t i o n s  p r o d u c e  p o s i t i v e  l i m b  

d a r k e n i n g  c o e f f i c i e n t s  f o r  the secondary component, a n  improvement o v e r  t h e  

o r i g i n a l  WD s o l u t i o n .  However, t h e  f r a c t i o n a l  l u m i n o s i t y  o f  t h e  p r i m a r y  

c h a n g e s  i n  t h e  wrong  d i r e c t i o n  from V t o  B ,  b u t  i n  t h e  c o r r e c t  d i r e c t i o n  

from B t o  U.  T h i s  is t h e  same d i f f i c u l t y  in t h e  o r i g i n a l  WD s o l u t i o n  f o r  B 

a n d  V .  The  f a c t  t h a t  t h e  o r i g i n a l  WD s o l u t i o n  was i n  mode 0 ,  which l e a v e s  

t h e  f r a c t i o n a l  l u m i n o s i t i e s  uncoupled t o  t h e  p o l a r  temperatures ,  may h a v e  

c o n t r i b u t e d  t o  t h e  u n s a t i s f a c t o r y  WD s o l u t i o n  pa rame te r s .  Both mode 0 and 

- - 
- - 
- 



8 

mode 2 ,  u s e d  in  o u r  s e p a r a t e  - V ,  [I s o l u t i o n s ,  V i a  t h e  s i m p l e x  a l g o r i t h m ,  

p r o d u c e d  an i m p r o v e m e n t  i n  t h e  s e n s e  t h a t  t h e  s e c o n d a r y  component l i m b  

da rken ing  c o e f f i - c i e n t s  no l o n g e r  a r e  a n o m a l o u s .  The s i m u l t a n e o u s  - -  V ,  B 

s o l u t i o n  i n  mode 2 ,  descr ibed s u b s e q u e n t l y ,  produced f r a c t i o n a l  l u m i n o s i t i e s  

w i t h  t h e  c o r r e c t  t r e n d  i n  wavelengths  and a l s o  n o n - n e g a t i v e  l i m b  d a r k e n i n g  

coef f ic  i e n t  s. 

The new l i g h t  s y n t h e s i s  package,  SYNPGM ( L i n n e l l  1984)  a s s i g n s  s e p a r a t e  

l imb da rken ing  c o e f f i c i e n t s  t o  each p h o t o s p h e r i c  g r i d  p o i n t ,  determined from 

model a tmospheres .  Limb da rken ing  s h o u l d  va ry  o v e r  t h e  pho tosphe re  as l o c a l  

t e m p e r a t u r e  a n d  g r a v i t y  v a r y .  We p l a c e  more f a i t h  i n  l i m b  d a r k e n i n g  

c o e f f i c i e n t s  from modern model atmospheres, i n  g e n e r a l ,  t h a n  i n  e m p i r  i c a l  

v a l u e s  f r o m  t y p i c a l  l i g h t  c u r v e  s o l u t i o n s .  The c o n t r o l  program LCCTRL, 

which implements t h e  s implex  a l g o r i t h m ,  l i n k s  e i the r  t o  WD o r  t o  SYNPGM t o  

p r o d u c e  t h e  t h e o r e t i c a l  l i g h t  c u r v e s  n e e d e d  f o r  c o m p a r i s o n  w i t h  

o b s e r v a t i o n s .  L C C T R L  i t e r a t e s  t o  a c h i e v e  a s o l u t i o n ,  a s  d e t e r m i n e d  by 

a p p r o p r i a t e  c r i t e r i a  d e s c r i b e d  i n  KL.  Modern c a l i b r a t i o n s  o f  e f f e c t i v e  

t e m p e r a t u r e  a s s i g n  a t e m p e r a t u r e  o f  1 8 7 0 0  t o  s p e c t r a l  c l a s s  B 3  ( S c h m i d t -  

Kaler 1 9 8 2 ,  p p .  451 f f ) .  T a b l e  1 p r e s e n t s  r e s u l t s  o f  s i m u l t a n e o u s  - -  B ,  V 

s o l u t i o n s ,  both w i t h  t h e  WD program and SYNPGM. The WD s o l u t i o n  u s e d  mode 

0 .  We c a l l  a t t e n t i o n  t o  t h e  i n c r e a s i n g  c o n s t r a i n t s  i n  t h e  phys i ca l  models 

used by o u r  s u c c e s s i v e  a n a l y s e s .  The mode 0 s o l u t i o n s  o f  t h e  s e p a r a t e  l i g h t  

c u r v e s  r e p r e s e n t  t h e  least  c o n s t r a i n e d  c o n d i t i o n ,  and produce t h e  sml l e s t  

r e s i d u a l s ,  as expec ted .  The s i m u l t a n e o u s  mode 2 s o l u t i o n  e x h i b i t s  s l i g h t l y  

l a r g e r  r e s i d u a l s .  The SYNPGM s o l u t i o n  is s t i l l  more r e s t r i c t i v e  i n  t h a t  t h e  

l i m b  da rken ing  c o e f f i c i e n t  is no l o n g e r  a n  a d j u s t a b l e  p a r a m e t e r .  T h u s  we 

expect  a s l i g h t l y  l a r g e r  s t a n d a r d  d e v i a t i o n  o f  r e s i d u a l s  t h a n  w i t h  t h e  

s i m u l t a n e o u s  mode 2 WD s o l u t i o n .  F i g u r e  1 p r e s e n t s  t h e  l i g h t  c u r v e  a n d  1 
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r e s i d u a l s  f o r  t h e  SYNPGM s o l u t i o n .  The residuals f o r  t h e  B s o l u t i o n  are i n  

F i g u r e  2. ( F i g u r e  7 shows t h e  B f i t . )  As e x p e c t e d ,  t h e  d i s p e r s i o n  o f  

r e s i d u a l s  is sllghtly l a r g e r  t h a n  f o r  t h e  i n d i v i d u a l  l i g h t  cu rve  s o l u t i o n s .  

The p r e v i o u s  systematic t r e n d  i n  t h e  B r e s i d u a l s  is no l o n g e r  a p p a r e n t .  I t  

is a c u r i o s i t y  tha t  t h e  B and V residuals appear  t o  d i v i d e  i n t o  two s e p a r a t e  

g roups  a round pr imary minimum. There would be  a r e a s o n a b l e  s u s p i c i o n  t h a t  

t h i s  i n d i c a t e s  i n t r i n s i c  v a r i a b i l i t y  o f  t h e  s t a r ,  o r  a p r o b l e m  w i t h  

e x t i n c t i o n  c o r r e c t i o n s  on d i f f e r e n t  n i g h t s ,  excep t  f o r  the  f a c t  t ha t  no such  

e f f e c t  i s  a p p a r e n t  o n  t h e  i n d i v i d u a l  wavelength s o l u t i o n s  r e p o r t e d  i n  KL. 

F i g u r e  3 shows t h e  U r e s i d u a l s ,  u s ing  t h e  s imul t aneous  s o l u t i o n  p a r a m e t e r s  

f o r  t h e  SYNPGM B and V s o l u t i o n .  The c a l c u l a t e d  l i g h t  c u r v e  is t o o  s h a l l o w  

a t  pr imary minimum a n d  t o o  d e e p  a t  s e c o n d a r y ,  i n d i c a t i n g  t h e  n e e d  f o r  a 

g r e a t e r  component t empera tu re  d i f f e r e n c e  i n  U. We a t t r i b u t e  t h i s  e f f e c t  t o  

f a i l u r e  o f  t h e  b l a c k  body approximat ion ,  s i n c e  both  l i g h t  s y n t h e s i s  programs 

g e n e r a t e  r a d i a t e d  f l u x  a t  a g i v e n  w a v e l e n g t h  b y  use  o f  t h e  P l a n c k  law, 

t o g e t h e r  w i t h  t h e  l o c a l  e f f e c t i v e  tempera ture .  We expec t  t h a t  a s y n t h e s i z e d  

s p e c t r u m  f o r  t h e  b i n a r y  s t a r ,  c o n v o l v e d  with t r a n s m i s s i o n  o f  t h e  ear th ' s  

atmosphere and t h e  U f i l t e r  would improve t h e  f i t  t o  t h e  U d a t a .  O b v i o u s  

u n c e r t a i n t y  is i n v o l v e d  because of d i f f e r e n t  a i r  masses f o r  t h e  s e p a r a t e  

o b s e r v a t i o n s ,  producing v a r i a b l e  u l t r a v i o l e t  c u t o f f .  

- 

- 
- - 

- 
- - 

- 

- - 

The i n i t i a l  SYNPGM f i t ,  u s i n g  t h e  o r i g i n a l  W D  parameters, produced 

appreciable r e s i d u a l s  on  t h e  s h o u l d e r s  of s e c o n d a r y  minimum, F i g u r e  4 ( B  

c u r v e ) .  The r e s i d u a l s  a r i s e  a l m o s t  e n t i r e l y  from t h e  r e f l e c t i o n  e f f e c t .  

SYNPGM p r o v i d e s  f a c i l i t i e s  t o  d i s p l a y  t h e  phase-wise l i g h t  v a r i a t i o n  of  each  

componen t  s e p a r a t e l y ,  w i t h  e c l i p s e  e f f e c t s  removed.  F i g u r e  5 shows t h e  

l i g h t  v a r i a t i o n  of t h e  p r i m a r y  component .  Note  t h e  s l i g h t  d e p a r t u r e  o f  

maximum l i g h t  f r o m  phase  q u a d r a t u r e .  Th i s  ar ises  from the  nonsymmetr ical  

- 
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t i d a l  d i s t o r t i o n  o f  t h e  pr imary Component, c o u p l e d  w i t h  g r a v i t y  b r i g h t e n i n g .  

F i g u r e  6 shows t h e  l i g h t  v a r i a t i o n  of t h e  secondary ,  assuming a bo lomet r i c  

albedo A2 - 1.0. The l i g h t  v a r i a t i o n  is dominated by r e r a d i a t i o n  o f  l i g h t  

r e c e i v e d  from t h e  p r i m a r y .  A r e d u c t i o n  of A2 g r e a t l y  improves t h e  f i t .  

F i g u r e  7 shows t h e  l i g h t  c u r v e  f i t  i n  B w i t h  A 2  = 0 . 5 0 .  F i g u r e  8 

i l l u s t r a t e s  t h e  l i g h t  v a r i a t i o n  of t h e  secondary  a l o n e ,  wi th  A2 = 0.50. We 

p e r m i t t e d  LCCTRL t o  a d j u s t  A2 with both t h e  WD program a n d  SYNPGM. As Table 

1 i n d i c a t e s ,  t he  b e s t  f i t  v a l u e  is A2 = 0.53 for  b o t h  programs. We d i d  n o t  

a d j u s t  A s i n c e  the  r e f l e c t i o n  e f f e c t  f o r  t h e  p r i m a r y  is n e g l i g i b l e .  We 

d i s c u s s  t h i s  r e s u l t  i n  S e c t i o n  V .  

- 

-1 

The Table  1 WD + s implex  s o l u t i o n  i n c l u d e s  c a l c u l a t e d  p r o b a b l e  e r r o r s .  

These were p r o d u c e d  w i t h  t h e  WD program d i f f e r e n t i a l  c o r r e c t i o n s  f a c i l i t y ,  

a l t h o u g h  we used t h e  s implex  a l g o r i t h m  f o r  o p t i m i z a t i o n .  

We n o t e  t h a t  q ,  E,, a n d  i2 a r e  i n t e r r e l a t e d .  Fo r  stars o f  s m l l  t o  

moderate d i s t o r t i o n ,  t he  s i m u l t a n e o u s  o p t i m i z a t i o n  problem i n  fi fi a n d  q -1 ' -2' - 
is  n o t  p r e c i s e l y  d e f i n e d .  B y  t h i s  we mean t h a t  t h e  s e n s i t i v i t y  o f  r t o  

changes i n  f i1 ,  n o r  4, o v e r  t h e  s u r f a c e ,  is n o t  very g r e a t  for  systems o f  

t h i s  t y p e .  T h e  s i m p l e x  a l g o r i t h m  found a v a r i e t y  of combina t ions  o f  these 

three q u a n t i t i e s  t h a t  g i v e  n e a r l y  i d e n t i c a l  v a l u e s  o f  t h e  v a r i a n c e .  I n  

a d d i t i o n ,  t h e r e  i s  a n  a p p r e c i a b l e  v a r i a t i o n  of i w i t h  changes i n  q and t h e  

- Q's. This is an e x p e c t e d  r e s u l t ,  e s p e c i a l l y  f o r  a p a r t i a l l y  e c l i p s i n g  

system. N o n e t h e l e s s ,  t h e  da ta  do produce a weakly de t e rmined  v a l u e  o f  q a t  

abou t  0.75. The calculated formal e r r o r  i n  t h e  WD + s implex  s o l u t i o n  ( T a b l e  

1 )  is u n r e a l i s t i c a l l y  small. Our e x p e r i e n c e  w i t h  t h e  s implex s o l u t i o n  leads 

u s  t o  estimate an u n c e r t a i n t y  i n  9 o f  abou t  +0.07. T h i s  estimate comes from 

s t u d y  o f  t h e  s o l u t i o n  o f  o u r  s y n t h e s i z e d  l i g h t  c u r v e ,  m o d u l a t e d  w i t h  

s i m u l a t e d  o b s e r v a t i o n a l  e r r o r .  We f o u n d  t h a t  t h e  c a l c u l a t e d  9 V a l u e  

- 

- 

-2 ' 

- - 

- 

- 
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wandered i n  t h e  r a n g e  0.69-0.82 for a known O r i g i n a l  9 o f  0.78. The s implex 

s o l u t i o n  of t h e  o b s e r v a t i o n a l  data  produced q v a l u e s ,  d u r i n g  i t e r a t i o n ,  a l s o  

i n  t h e  r a n g e  a.69 7 q 7 0.82.  I n  a S imi la r  m a n n e r  we h a v e  es t imated  

u n c e r t a i n t i e s  f o r  t h e  o t h e r  p a r a m e t e r s  s u b j e c t  t o  o p t i m i z a t i o n .  These 

e s t ima tes  a p p e a r  i n  t h e  l a s t  c o l u m  of Table  1 .  They are  i n  p a r e n t h e s e s  t o  

d i s t i n g u i s h  them from t h e  fo rma l  probable  e r rors  for  t h e  WD s o l u t i o n .  

- 
- 

The  s i m p l e x  a l g o r i t h m  a p p l i e s  t h e  Kolmogorov-Smirnov goodness-of-f i t  

t e s t  t o  a r e s i d u a l s  h i s t o g r a m  a s  a t e s t  f o r  n o r m a l  d i s t r i b u t i o n  o f  

r e s i d u a l s .  The V ,  B ,  and U r e s i d u a l s ,  from t h e  s i m u l t a n e o u s  s o l u t i o n s ,  a l l  

f a i l e d  t h i s  t e s t .  R e s i d u a l s  p l o t s  show s y s t e m a t i c  t r e n d s ,  a l r e a d y  

d i s c u s  sed.  

- -  - 

111. System S o l u t i o n ,  BEG Data 

We o b t a i n e d  a s o l u t i o n  of t h e  BBC B data (490 i n d i v i d u a l  p o i n t s )  wi th  

t he  s implex  a l g o r i t h m  a n d  t h e  SYNPCM p a c k a g e .  After  2 2  i t e r a t i o n s  t h e  

s y s t e m  p a r a m e t e r s  were those l i s t e d  i n  Table 2. The v a l u e s  o f  i and T are 

i n  close agreement  w i t h  t h e  Table 1 va lues .  -1 ’ 
a n d  f12 h a s  b e e n  d i s c u s s e d ,  a s  i t  a f f e c t s  t h e  p o s s i b i l i t y  o f  u n i q u e  

d e t e r m i n a t i o n  o f  i n d i v i d u a l  v a l u e s .  Note t h a t  t h e  A 2  v a l u e  i s  i n  c l o s e  

a g r e e m e n t  w i t h  t h e  Table  1 v a l u e s .  T h i s  d e m o n s t r a t e s  that  t h e  anomalous 

v a l u e  is n o t  a n  a r t i f a c t  o f  t h e  HAH d a t a .  The s t a n d a r d  d e v i a t i o n  o f  t h e  

r e s i d u a l s  is small enough t o  g i v e  c o n s i d e r a b l e  we igh t  t o  t h i s  d e t e r m i n a t i o n .  

IV. System S o l u t i o n ,  MP Data 

- 

-2 - 
The i n t e r d e p e n d e n c e  o f  9, Q 

- 
- 

We o b t a i n e d  s i m u l t a n e o u s  s o l u t i o n s  of t h e  MP data i n  V and  B ,  u s i n g  t h e  

s implex  a l g o r i t h m  and  t h e  SYNPGM package. The MP r e s i d u a l s  are  much l a r g e r  

t h a n  t h e  o t h e r  two data  sets .  Some i n d i v i d u a l  r e s i d u a l s  are  so  l a r g e  t ha t  

t h e y  a lmos t  c e r t a i n l y  a r e  t y p o g r a p h i c a l  e r r o r s  i n  t h e  p r i n t e d  d a t a .  We 

e n t e r e d  b o t h  t h e  BBC a n d  MP d a t a  i n t o  our c o m p u t e r  w i t h  t h e  a i d  o f  a 

- - 
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Kurzweil document reader  and  p r o o f r e a d  t h e  r e s u l t s .  R e s u l t s  o f  a 

s i m u l t a n e o u s  E, V s o l u t i o n ,  a f t e r  1 3  i t e r a t i o n s ,  a r e  i n  Table 3. I n  s p i t e  

of t h e  l a r g e r  s t anda rd  deviation of res idua ls ,  the calculated parameters a r e  

i n  c l o s e  agreement w i t h  t h e  o t h e r  s o l u t i o n s .  The  differences among t h e  

d i f f e r e n t  solut ions a r e  appreciably larger  than the  calculated formal e r r o r s  

i n  t h e  WD s o l u t i o n ,  b u t  a r e  wel l  w i t h i n  our estimated uncertaint ies .  The 

discrepancy may be a resu l t  of t h e  non-gaussian d i s t r i b u t i o n  of res iduals .  

- -  

V .  MR Cygni Physical S ta tus  

I t  is worth reemphasis t h a t  the inference of system proper t ies  from an 

opt imized  l i g h t  s y n t h e s i s  s o l u t i o n  occurs through t h e  aegis  of a s p e c i f i c  

physical model. Obvious p h y s i c a l  e f f e c t s  e x i s t  which a r e  n o t  a p a r t  of 

e x i s t i n g  Roche models and which may be of importance a t  the  l e v e l  of about 

0.01 magnitude. Photospheric d i s t o r t i o n  from radia t ion  pressure may a f f e c t  

components of ear ly  s p e c t r a l  t y p e .  The Roche model, which coincides w i t h  a 

polytrope of index 5 ,  does not give a p r e c i s e  r e p r e s e n t a t i o n  of  t i d a l  a n d  

r o t a t i o n a l  d i s t o r t i o n  f o r  r a d i a t i v e  atmospheres ( n  - 3 )  o r  convec t ive  

atmospheres ( n  - 3/21. Although synchronous r o t a t i o n  is l i k e l y ,  we have no 

d i r e c t  in format ion  on t h i s  s u b j e c t .  R o t a t i o n a l  d i s t o r t i o n  of  an n = 3 

polytrope d i f f e r s  from t h a t  of an  n = 5 p o l y t r o p e .  A s i n g l e  bolometr ic  

a l b e d o  i s  i n a p p r o p r i a t e  f o r  a n  e n t i r e  d i s t o r t e d ,  i r rad ia ted  s t a r ,  as is a 

s i n g l e  l i m b  darkening c o e f f i c i e n t .  The adopted  model atmosphere l i m b  

darkening  coef f ic ien ts  may not b e  appropriate for  t h e  illuminated component 

faces.  The d is t r ibu t ion  of rad ia t ion  w i t h  wavelength,  f o r  t h e  i r r a d i a t e d  

component, w i l l  d i f f e r  s i g n i f i c a n t l y ,  on the  i r r a d i a t e d  face ,  from t h a t  of a 

corresponding n o n i r r a d i a t e d  s t a r  (Rucinski  1 9 7 0 ) .  I f  t h e  phys ics  were 

s u f f i c i e n t l y  t ractable  and ca lcu la t ion  of these e f f e c t s  s u f f i c i e n t l y  Simple, 

the  appropriate modelling technique would b e  a s e l f - c o n s i s t e n t  c a l c u l a t i o n  

- 
- 

- 

- 



i n  which t h e  p a r a m e t e r s  i n i t i a l l y  de t e rmined  by e m p i r i c a l  ad jus tmen t  were 

r e p l a c e d  by a c o m p l e t e  c losed  c a l c u l a t i o n .  T h a t  s t a g e  i s  y e t  t o  b e  

a c h i e v e d .  The p o i n t  o f  u s i n g  b e l i e v a b l e  p h y s i c s  i s  i l l u s t r a t e d  by  t h e  

example o f  t h e  R u s s e l l  Model. The P r o c t o r  and L i n n e l l  (1972)  R u s s e l l  Model 

MR Cyg s o l u t i o n  of t h e  HAH d a t a  p r o d u c e d  r e s i d u a l s  p l o t s  w i t h  as s m l l  

v a l u e s  as t h o s e  o f  t h e  p r e s e n t  s t u d y .  The a r g u m e n t  f o r  p r e f e r r i n g  t h e  

p r e s e n t  s o l u t i o n  t h e r e f o r e  d o e s  not d e r i v e  from the  q u a l i t y  of t h e  f i t  t o  

a v a i l a b l e  o b s e r v a t i o n a l  d a t a .  S i m i l a r l y ,  o u r  p r e f e r e n c e  f o r  t h e  SYNPGM 

s o l u t i o n  t o  t h e  W D  s o l u t i o n  a r i s e s  from t h e  model a tmosphe re  r e s u l t s  t h a t  

. l i m b  d a r k e n i n g  s h o u l d  vary o v e r  a d i s t o r t e d  s t a r  whose l o c a l  g r a v i t y  a n d  

t e m p e r a t u r e  a l s o  vary.  

We now c o n s i d e r  t h e  d e r i v e d  bolometric a l b e d o  A = 0.53. T h i s  i s  a n  2 

a c c o r d a n t  r e s u l t  f r o m  two i n d e p e n d e n t  l i g h t  s y n t h e s i s  programs t h a t  t rea t  

l i m b  d a r k e n i n g  d i f f e r e n t l y .  The r e s u l t  t h e r e f o r e  is n o t  a n  a r t i f a c t  o f  t h e  

way l i m b  d a r k e n i n g  is treated.  The same r e s u l t  f o l l o w s  from all three data 

sets. I t  therefore is n o t  a n  a r t i f a c t  o f  a s i n g l e  d a t a  s e t .  Our s e p a r a t e  

tests w i t h  s i m u l a t e d  o b s e r v a t i o n a l  da ta ,  produced by l i g h t  s y n t h e s i s  from 

a s s i g n e d  system p a r a m e t e r s  a n d  m o d u l a t e d  w i t h  s i m u l a t e d  o b s e r v a t i o n a l  

e r r o r s ,  show t h a t  t h e  number and q u a l i t y  o f  t h e  a c t u a l  da t a  are s u f f i c i e n t  

t o  d e t e r m i n e  A w i t h  good a c c u r a c y .  Our l i t e r a t u r e  search shows , t h a t  

a d o p t i o n  of A = 1 .O is a u n i v e r s a l  p rocedure  for  l i g h t  c u r v e  s o l u t i o n s  of 

stars wi th  r a d i a t i v e  enve lopes .  Comparable e v i d e n c e  fo r  o t h e r  ea r ly  t y p e  

s t a r s  t h e r e f o r e  i s  l a c k i n g  a t  p r e s e n t .  As a l ready  d i s c u s s e d ,  i t  is  

c o n c e i v a b l e  t h a t  t h e  adop ted  p h y s i c a l  model d i f f e r s  from p h y s i c a l  r e a l i t y  

and t h a t  t h e  anomalous A2 r e s u l t  is a n  i n d i r e c t  consequence.  

-2 

-2 

The theoret ical  r e s u l t  A2 = 1.0 has been  d i s c u s s e d  i n  t h e  l i t e r a t u r e  

( N a p i e r ,  1971; see also t h e  r ev iew a r t i c l e  b y  Vaz 1985, and Vaz and Nordlund 
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1 9 8 5 ) .  N a p i e r  records t w o  p o s s i b l e  m e c h a n i s m s  which c o u l d  m o d i f y  t h e  

t h e o r e t i c a l  v a l u e :  ( 1  I n c i d e n t  e n e r g y  i s  a b s o r b e d ,  t r a n s m i t t e d  

h o r i z o n t a l l y  by c i r c u l a t i o n  c u r r e n t s ,  and reemitted elsewhere ( p r o p o s e d  by 

Hosokawa). ( 2 )  R a d i a t i o n  from t h e  deep i n t e r i o r  is p a r t l y  dammed up by t h e  

r e f l e c t i o n  effect .  As Napie r  shows, the f i r s t  mechanism c a n n o t  o p e r a t e  i n  

r a d i a t i v e  e n v e l o p e s .  C i r c u l a t i o n  c u r r e n t s  i nduced  by i n c i d e n t  r a d i a t i o n  

have been s t u d i e d  by t h e  T a s s o u l s  ( T a s s o u l  a n d  T a s s o u l  1 9 8 2 ~ ) .  They  f i n d  

t h a t  r a d i a  t ion-induced c i r c u l a t i o n  c u r r e n t s  are much slower t h a n  p r e v i o u s l y  

b e l i e v e d ,  and t h a t  t h e s e  c u r r e n t s  o c c u r  i n  a v e r y  t h i n  s u r f i c i a l  f l o w  

directed away from t h e  s u b s t e l l a r  p o i n t  o n  t he  irradiated s t a r .  The c o o l i n g  

time o f  a t h i n  layer  a t  t h e  s te l la r  s u r f a c e  i s  s o  s h o r t  compared  w i t h  t h e  

time r e q u i r e d  f o r  c i r c u l a t i o n  c u r r e n t s  t o  t r a n s p o r t  matter a detectable 

d i s t a n c e  o n  t h e  surface t h a t  e s c a p i n g  r eemi t t ed  r a d i a t i o n  m u s t  o c c u r  a t  

e s s e n t i a l l y  t h e  same p o i n t  as a b s o r p t i o n  took p l a c e .  C i r c u l a t i o n  c u r r e n t s  

induced by r o t a t i o n a l  and t i d a l  d i s t o r t i o n  h a v e  a l s o  b e e n  a n a l y z e d  by t h e  

T a s s o u l s  ( T a s s o u l  and T a s s o u l  1982a, b, c ,  1983) .  The t e m p e r a t u r e  g r a d i e n t  i n  

a r a d i a t i v e  envelope is s t e e p  enough t h a t  t h e  e n t h a l p y  c o n t r i b u t i o n  f r o m  

i r r a d i a t i o n  must  b e  n e g l i g i b l e  a t  a p p r e c i a b l e  d e p t h .  T h e r e f o r e  any proposed 

effect  due t o  Y r a n s p o r t e d ”  e n e r g y  s h o u l d  b e  c o n f i n e d  v e r y  c l o s e  t o  t h e  

s u r f a c e .  B y  t h e  same a r g u m e n t  a l r e a d y  p r e s e n t e d ,  t h e  c o o l i n g  time o f  

s u r f a c e  l a y e r s  is too s h o r t  f o r  f l u i d  f low t o  e f f e c t  m e a s u r e a b l e  e n e r g y  

t r a n s p o r t .  

N a p i e r ’ s  second mechanism r e q u i r e s  s o l u t i o n  of t h e  t r a n s f e r  e q u a t i o n  i n  

t h e  p r e s e n c e  o f  a n  e x t e r n a l  i r r a d i a t i n g  source. R u c i n s k i  (1970)  has made a 

d e t a i l e d  s t u d y  of t h i s  problem i n  a case s u f f i c i e n t l y  similar t o  t h e  p r e s e n t  

o n e  f o r  h i s  r e s u l t s  t o  b e  approx ima te ly  v a l i d .  R u c i n s k i  f i n d s  i r r a d i a t i o n  

p r o d u c e s  a n  a p p r e c i a b l e  e f f e c t  o n  t h e  w a v e l e n g t h  d i s t r i b u t i o n  o f  t h e  
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emergent r a d i a t i o n .  Monochromatic a l b e d o e s  show a p p r e c i a b l e  v a r i a t i o n ,  bo th  

w i t h  w a v e l e n g t h  a n d  a n g l e  of i n c i d e n c e  o f  i r r a d i a t i o n .  H o w e v e r ,  t h e  

w e i g h t e d  c o m b i n a t i o n ,  t h e  b o l o m e t r i c  a l b e d o ,  i s  c l o s e  t o  1.0. There i s  a 

g e n u i n e  d i s c r e p a n c y  between theory and  o b s e r v a t i o n .  

The t h e o r e t i c a l  r e s u l t  a s s u m e s  a s t a t i c  r a d i a t i v e  atmosphere w i t h  a n  

i n c i d e n t  r a d i a t i o n  f i e l d .  Although r a p i d  r o t a t i o n  v i o l a t e s  t h e  a s s u m p t i o n  

a n d  p r o d u c e s  c i r c u l a t i o n  c u r r e n t s ,  t h e  l a t t e r  a re  t o o  s l o w ,  ipso f a c t o ,  t o  

r e d i s t r i b u t e  t h e  i n c i d e n t  r a d i a t i o n .  However ,  a d i f f e r e n t  e f f e c t  may 

o p e r a t e .  The T a s s o u l s  f i n d  (1982a) t h a t  r o t a t i n g  e a r l y  t y p e  stars g e n e r a t e  

i n s t a b i l i t i e s  t h a t  i n  t u r n  produce l a y e r e d  t u r b u l e n c e .  We s u g g e s t  t h a t  t h i s  

t u r b u l e n c e  may b e h a v e  s u f f i c i e n t l y  l i k e  c o n v e c t i v e  e q u i l i b r i u m  t o  produce 

t he  o b s e r v e d  A2. Note t h a t  the bolometric albedo a p p r o p r i a t e  t o  c o n v e c t i v e  

e q u i l i b r i u m  is  0.5 ( R u c i n s k i  1969) .  U n d e r h i l l  and Fahey (1984)  show t h a t  OB 

stars may be u n s t a b l e  aga ins t  convec t ion  because t h e  a d i a b a t i c  g r a d i e n t  i s  

r e d u c e d  b y  s e c o n d  i o n i z a t i o n  of h e l i u m  a n d  r a d i a t i o n  p r e s s u r e .  The  

t e m p e r a t u r e  regime of t h e  U n d e r h i l l  a n d  F a h e y  s t u d y  l i e s  a b o v e  t h a t  

p e r t a i n i n g  t o  t h e  pho tosphe re  of  MR Cyg. 

With  t h e s e  p o i n t s  i n  m i n d ,  c o n s i d e r  t h e  s y s t e m  p h y s i c a l  s t a t u s  as  

i m p l i e d  by t h e  l i g h t  c u r v e  s o l u t i o n s .  

We f i r s t  c o n s i d e r  t h e  loca t ion  o f  t h e  s e p a r a t e  c o m p o n e n t s  o n  t h e  H R  

d i a g r a m .  a n d  M B  v a l u e s  

(Schmidt-Kaler 1982, p .  1 7 f f )  v s .  ( B - V )  v a l u e s  (Schmidt -Kaler  1982 ,  p .  

1 4 f f ) .  A l s o  shown a r e  e f f e c t i v e  t e m p e r a t u r e s  (Schmidt-Kaler 1982 ,  p .  

451f f ) .  We p l a c e  t h e  p r i m a r y  component o n  t h e  m a i n  s e q u e n c e  a t  s p e c t r a l  

c l a s s  B3, ‘Teff = 18700K. I U E  s p e c t r a ,  t o  be reported s e p a r a t e l y ,  show a 

c l o s e  f i t  o v e r  t h e  r a n g e  X1200-X3200 t o  t h e  B3V s t a n d a r d  1 7  V u l .  T h e  

s p e c t r u m  of t h e  hot ter  component dominates i n  t h e  Xl2OO-X32OO i n t e r v a l .  The 

F i g u r e  9 shows t h e  H R  main s e q u e n c e  w i t h  M V 

0 - -  
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SYNPGM s imul t aneous  s o l u t i o n  g i v e s  t h e  - V l i g h t  r a t i o  of t h e  c o m p o n e n t s  as  

wel l  as a c a l c u l a t e d  'Teff of t h e  s e c o n d a r y  c o m p o n e n t  ( p o l e ) .  For each 

component, t h a t  component .Teff is g i v e n  as t h e  T f o r  t h e  p o l e .  The p o l a r  

T s h o u l d  b e  s l i g h t l y  h i g h e r ,  b u t  t h e  s o l u t i o n  i s  f a i r l y  i n s e n s i t i v e  t o  -ef f 
t he  a b s o l u t e  t e m p e r a t u r e  as l o n g  as t h e  componen t  t e m p e r a t u r e  d i f f e r e n c e  

r e m a i n s  a p p r o p r i a t e .  The c a l c u l a t e d  l o c a t i o n  of  t h e  secondary  a p p e a r s  as a 

*. We do  n o t  

h a v e  a g o o d  means t o  estimate t h e  e r r o r  i n  M . The same procedure  w i t h  t h e  

B data produces t h e  p o i n t  marked A .  B error bar has b e e n  o m i t t e d  s i n c e  i t  

i s  c o m p a r a b l e  t o  t h a t  f o r  V. To w i t h i n  t h e  p r o b a b l e  e r r o r s  of t h e  r e l e v a n t  

p a r a m e t e r s ,  both components l i e  o n  t h e  main s e q u e n c e ,  and t h e  s p e c t r a l  t y p e  

of  t h e  secondary is B7. The i n t r i n s i c  w i d t h  o f  t h e  main sequence  is s e v e r a l  

t e n t h s  of a magnitude. 

-ef f 

The p robab le  error f o r  Teff shows as a h o r i z o n t a l  e r r o r  bar. - 
-V 

- - -  
- 

I n  o u r  s i m u l a t i o n  we a d o p t e d  a m a i n  s e q u e n c e  mass o f  7.6 M f o r  t h e  
--o 

pr imary ,  s i n c e  SYNPCM u s e s  p h o t o s p h e r i c  p o t e n t i a l s  i n  c g s  u n i t s .  ( T h e  d a t a  

i n  T a b l e  1 a r e  t h e  Roche model e q u i v a l e n t . )  

F i g u r e  10  shows t h e  main s e q u e n c e  r e l a t i o n  b e t w e e n  s t e l l a r  mass a n d  

s p e c t r a l  t y p e  (Schmidt-Kaler 1982, p.  3 1 ) .  The B7(+)  s p e c t r a l  t y p e  deduced  

f r o m  F i g u r e  9 i m p l i e s  a ma in  s e q u e n c e  mass o f  4 . 2  M , a t  t h e  l o c a t i o n  

i n d i c a t e d ,  a n d  a c o r r e s p o n d i n g  q = 0 .55 .  The l i m i t i n g  v a l u e s  o f  t h e  

p h o t o m e t r i c  3,  0.70 a n d  0 .80 ,  t o g e t h e r  w i t h  t h e  a d o p t e d  mass f o r  t h e  

p r imary ,  produce co r re spond ing  secondary  mass v a l u e s .  On t h e  assumption t h e  

secondary  is a m a i n  s equence  o b j e c t ,  t h e  a r rows  l a b e l l e d  q = 0 . 7 0  a n d  0 .80  

mark limits f o r  t h e  secondary  based on t h e  p h o t o m e t r i c  q.  Thus t h e r e  is  a 

d i s c r e p a n c y  with t h e  weakly-determined - q from t h e  l i g h t  c u r v e  s o l u t i o n .  

--o 

- 

- 
- 

The system geometry from our SOlUtiOnS is  i n  F i g u r e  1 1 .  
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Our s o l u t i o n  i n d i c a t e s  d e e p  P a r t i a l  e c l i p s e s .  No i n d e p e n d e n t  

i n f o r m a t i o n  is a v a i l a b l e  t o  s p e c i f y  t h e  e v o l u t i o n a r y  s t a t e  o f  t h e  p r i m a r y  133 

component. The H I H  r ad ia l  v e l o c i t y  c u r v e  c l e a r l y  shows t h a t  t h e  l a r g e r ,  

h i g h e r  s u r f a c e  b r i g h t n e s s ,  B 3  component  i s  t h e  o n e  e c l i p s e d  a t  primary 

minimum. Consequent ly  t h e  Sdderhjelm (1978) a r g u m e n t  f o r  a semi-detached 

p o s t  m a s s - t r a n s f e r  o b j e c t  m u s t  be d i s c a r d e d .  F i g u r e  9 ,  based on modern 

data, shows t h a t  t h e  s e c o n d a r y  component  is  o n  t h e  main s e q u e n c e  i f  t h e  

p r i m a r y  is. T h i s  r e s u l t  does not  s u p p o r t  t h e  WD and Ea ton  argument f o r  a n  

ove r luminous  secondary s t i l l  c o n t r a c t i n g  t o  t h e  main s e q u e n c e .  We f i n d  n o  

e v i d e n c e  t o  s u p p o r t  t h e  H I H  argument t h a t  both components l i e  above t h e  main 

sequence ,  w i t h  t h e  p r i m a r y  n e a r i n g  h y d r o g e n  core  e x h a u s t i o n .  We d o  n o t  

b e l i e v e  t h e  F i g u r e  1 0  r e s u l t s  i n d i c a t e  a s e r i o u s  d i s c r e p a n c y .  The low 

we igh t  d e t e r m i n a t i o n  o f  q and i t s  i n t e r d e p e n d e n c e  w i t h  Ql and  has a l r e a d y  

been no ted .  

-2 - - 

There is a s e r i o u s  d i s c r e p a n c y  w i t h  t h e  a m p l i t u d e  o f  t h e  r a d i a l  

v e l o c i t y  c u r v e .  The s p e c t r o s c o p i c  s t u d y  o f  H i l l  a n d  H u t c h i n g s  (1973b) 

de t e rmined  a v e l o c i t y  a m p l i t u d e  o f  t h e  primary component K = 120.8 km s . 
T h e  d i s t a n c e  o f  t h e  c e n t e r  of t h e  pr imary component t o  t h e  sys t em c e n t e r  o f  

mass t h e n  f o l l o w s  from the  c o n d i t i o n  o f  a c i r c u l a r  o r b i t ,  t h e  known i ,  and  

t h e  p e r i o d .  An assumed q g i v e s  t h e  

s e p a r a t i o n  of components,  a ,  and Kep le r ' s  t h i r d  law g i v e s  t h e  sum of  masses. 

For g = 0.55, M = 2.27 Eo, kI2 = -1 -1 

1.71 Mo. F i g u r e  10 shows t h e  d i s c r e p a n c y  b e t w e e n  t h e s e  v a l u e s  a n d  t h o s e  

assumed f o r  t h e  pho tomet r i c  s o l u t i o n .  

- 1  
-1 

- 
The v a l u e  is a = 0 . 2 8 0 7  x 1 0 l 2  cm. - -1 

- 
= 4.53 %, b12 = 2.49 M,o. For g = 0.75, M 

-. 

The c a l c u l a t e d  r a d i u s  o f  t h e  secondary is d i s c r e p a n t  i f  t h e  s e c o n d a r y  

i s  a m a i n  s e q u e n c e  B7 s t a r .  Schmidt -Kaler  ( 1 9 8 2 ,  P .  30) p r o v i d e s  a 

c a l i b r a t i o n  o f  m a i n - s e q u e n c e  r a d i u s  v s .  s p e c t r a l  t y p e .  Our F i g u r e  1 1  
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r e p r e s e n t a t i o n  of the secondary  follows from the  pho tomet r i c  s o l u t i o n  r a d i i .  

A main-sequence B7 star has a r a d i u s  of a b o u t  3 . 2  R . I f  o n e  a d o p t s  t h e  

pho tomet r i c  9, t h e n  t h e  pho tomet r i ca l ly -de te rmined  r a d i u s  and  t h e  imputed B 4  

s p e c t r a l  t y p e ,  from - q ,  a r e  i n  a g r e e m e n t .  I t  c o u l d  b e  a r g u e d  t h a t  t h e  

s e c o n d a r y  component  i s  a ma in  sequence  ob jec t ,  of spectral  t y p e  about  B 4 ,  

and  t h e  pr imary is  over luminous ,  i n d i c a t i n g  e v o l u t i o n  away from t h e  main  

s e q u e n c e .  B u t  t h e  c a l c u l a t e d  r a d i u s  o f  t h e  p r i m a r y  wou ld  t h e n  be 

--o 

d i s c r e p a n t .  F u r t h e r ,  t h e  e f f e c t i v e  t e m p e r a t u r e  of a n  e v o l v e d  s t a r  of -5M 

i s  a l w a y s  l e s s  t h a n  i t s  ZAMS e f f e c t i v e  t e m p e r a t u r e  ( I b e n  1 9 6 7 ) .  The 

. t e m p e r a t u r e  d i f f e r e n c e  between c o m p o n e n t s  c a n n o t  be  c h a n g e d  by  more t h a n  

a b o u t  - +200K wi thou t  producing  e a s i l y  detectable  d i s c r e p a n c i e s  i n  t h e  d e p t h s  

of t h e  minima. 

--o 

The b e s t  we can  say is  t h a t  we have ach ieved  good pho tomet r i c  s o l u t i o n s  

w i t h  two d i f f e r e n t  l i g h t  s y n t h e s i s  programs,  bo th  based  o n  a similar (Roche) 

p h y s i c a l  m o d e l .  The  H R  d i a g r a m  componen t  l o c a t i o n s  i n i t i a l l y  c a n  be  

unde r s tood  as main sequence  B3+B7 ob jec t s .  The masses of t h e  objects  a re  i n  

s e r i o u s  d i s a g r e e m e n t  w i t h  r e s u l t s  from t h e  r a d i a l  v e l o c i t y  c u r v e .  The 

s e c o n d a r y  i s  a n o r m a l  B 4  s t a r  b a s e d  o n  t h e  p h o t o m e t r i c  - q a n d  

p h o t o m e t r i c a l l y - d e t e r m i n e d  r a d i i ,  b u t  t h i s  r e s u l t  is  abnormal based o n  t h e  

photometr ica l ly-de termined  l u m i n o s i t y  r a t i o  and t e m p e r a t u r e  d i f f e r e n c e .  A 

c r o s s - c o r r e l a t i o n  r a d i a l  v e l o c i t y  s t u d y  h a s  t h e  p o t e n t i a l  t o  detect  t h e  

secondary  component and s o  r e s o l v e  t he  u n c e r t a i n t y  conce rn ing  - q.  T h i s  would 

b e  e s p e c i a l l y  v a l u a b l e  i n  t h e  p r e s e n t  i n s t a n c e  i n  v i e w  of t h e  p a r t i a l  

e c l i p s e s .  We b e l i e v e  t h e  p r e s e n t  paper  demons t r a t e s  an  advance i n  t e c h n i q u e  

f o r  p h o t o m e t r i c  s o l u t i o n  of e c l i p s i n g  b i n a r y  l i g h t  c u r v e s .  T h i s  c a p a b i l i t y  

w i l l  p r o d u c e  i t s  b e s t  a s t r o n o m i c a l  c o n t r i b u t i o n  i n  c o l l a b o r a t i o n  w i t h  
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s p e c t r o s c o p i s t s  u s i n g  modern  c r o s s - c o r r e l a t i o n  t e c h n i q u e s  fo r  independen t  

d e t e r m i n a t i o n  of mass r a t i o s .  

1.  

2. 

3. 

4 .  

5. 

V I  . Conc l u s  i o n s  

Using the  WD program i n  mode 2 ,  we o b t a i n  a s i m u l t a n e o u s  V ,  B s o l u t i o n  

o f  t h e  HAH data  w i t h  t h e  simplex a l g o r i t h m .  The d e r i v e d  l i m b  da rken ing  

c o e f f i c i e n t s  show improved agreement w i t h  Kurucz a tmosphe res ,  compared  

w i t h  t h e  o r i g i n a l  W D  s o l u t i o n s .  N o n e  o f  t h e  l i m b  d a r k e n i n g  

c o e f f i c i e n t s  is n e g a t i v e .  

A s o l u t i o n  o f  t h e  same da ta ,  u s i n g  SYNPGM as t h e  n u m e r i c a l  model, and 

o p t i m i z e d  by t h e  s implex  a l g o r i t h m ,  gave a n  e x c e l l e n t  f i t  t o  t h e  data. 

The H A H ,  BBG,  and MP data produce a weakly-determined pho tomet r i c  mass 

r a t io  of 0.75+0.07 - (estimated error).  

Both t he  WD and SYNPGM s o l u t i o n s  d e t e r m i n e  a bolometric albedo o f  a b o u t  

0.5 for t h e  secondary  component. This  r e s u l t  is a c c o r d a n t  f o r  t h e  HAH,  

B B G ,  a n d  MP data. This  result is i n  d i sag reemen t  w i t h  t h e  t h e o r e t i c a l  

v a l u e  o f  1 . 0 ,  a p p r o p r i a t e  t o  s t a t i c  a t m o s p h e r e s  i n  r a d i a t i v e  

e q u i l i b r i u m .  A p o s s i b l e  r e s o l u t i o n  of t h e  d i s c r e p a n c y  i s  layered 

t u r b u l e n c e ,  p r e d i c t e d  t h e o r e t i c a l l y  by t h e  Tassouls t o  b e  i n d u c e d  i n  

e a r l y  t y p e  s tars  b y  r a p i d  r o t a t i o n .  A less l i k e l y  a l t e r n a t i v e  is 

c o n v e c t i o n  induced by d e p r e s s i o n  o f  t h e  adiabatic g r a d i e n t  a s  s t u d i e d  

by U n d e r h i l l  and Fahey. 

Assuming t h e  p r i m a r y  B3 component  l i e s  o n  t h e  main s e q u e n c e ,  t h e  

c a l c u l a t e d  l o c a t i o n  o f  t h e  s e c o n d a r y  places i t  o n  t h e  main sequence  

a l so ,  a t  a s p e c t r a l  t y p e  of B7. The c a l c u l a t e d  l o c a t i o n  f o l l o w s  f r o m  

t h e  l i g h t  r a t i o  f o r  t h e  o r d i n a t e  a n d  t h e  p o l a r  t e m p e r a t u r e  f o r  t h e  

abscissa. 

- -  
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6.  Assuming a main s e q u e n c e  mass Of 7.6 M f o r  t h e  p r imary ,  t h e  d e r i v e d  

mass ra t io  would imply a secondary  of s p e c t r a l  t y p e  B4 .  The s e c o n d a r y  

r a d i u s  from t h e  p h o t o m e t r i c  s o l u t i o n  a g r e e s  wi th  t h i s  s p e c t r a l  t y p e .  

Th i s  r e s u l t  is i n  m a r g i n a l  d i s a g r e e m e n t  w i t h  p o i n t  5 ,  a t  t h e  e s t i m a t e d  

3a l e v e l .  

--o 

7. The r a d i a l  v e l o c i t y  c u r v e ,  t o g e t h e r  w i t h  t h e  p h o t o m e t r i c a l l y - d e t e r m i n e d  

i ,  c i r c u l a r  o r b i t s ,  a n d  a l t e r n a t i v e  c h o i c e s  f o r  q ,  leads t o  masses 

s e r i o u s l y  d i s c r e p a n t  w i t h  assumed main sequence  o b j e c t s .  

- - 
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TABLE 1 

S imul taneous  B ,  V so lu t ion  wi th  WD and SYNPGM programs. - -  

Parameter 

i 
L1 

L2 

111 
112 
x l  
x2 

gl 

€9 
A 1  

A2 
A 

T1 

T2 

4 

R2 
r p o l e  

r po in t  

r s i d e  

r back 

r po le  

r p o i n t  

r s i d e  

r back 

1 

1 

1 

1 

2 

2 

2 

2 

U 
d.  p t s .  

Wilson/Devinney 1972 
B V , B ( V )  

+ 0?23 82?89 - ... ... 
... ... 
0.7950(0.7785) - + 0.0059 (0.0059) 
0.2050(0.2215) - + 0.0054 (0.0055)  
0.70 (0.65 1 2  0.03 (0.04 
0.00 (0.00 ) - + 0.00 (0.00 1 

1 .0oa 

1 .0oa 

1 .0oa 

1 .0oa 
435 (550)  nm 
18000 Ka 

13500 Ka 

0. 83a 
3.776 
3.990 

0.335 

0.382 

0.347 

0.364 

0.282 

0.310 

0.289 

0.302 

.... .... 

18700 Ka 

+ 0.013 

+ 0.022 
- 
- 

Wilson+SIMPLEX 
BVCmode 21 ,  B ( V )  

+ 0?03 83 ?03 - 
9.3610(9.2988)  - +0.0236(0.0327) 

2.8215(3.2352) - + 0.0071 (0.0114)  

0.7684 (0.741 9 ) + 0.001 9 (0.0026 ) 
0.2316(0.2581 ) + 0.0006(0.0009) 
0.52 (0.59 ) + 0.15 (0.02 1 
0.14 (0.27 ) + 0.18 (0.02 1 

- 
- 
- 
- 

1 .0oa 

1 .0oa 

1 .0oa 

0.53 
435 (550)  nm 

12934 K 

0.702 
3.61 1 

3.482 

0.340 

0.381 

0.361 

0.367 

0.296 

0.339 

0.318 

0.324 

+ 0.04 

1 8700Ka 

+42 K 

+ 0.002 
+ 0.004 

+ 0.003 

- 

- 
- 
- 
- 

0.0067 (0.0088 ) 
2 x 335 

SYNPGM + SIMPLE 
0 & V curve 

82?50(+0?86)  
1830 L o  

340 Lo  

0.8431 
0.1569 
g r i d  va lues  
adopted from 
Kurucz atmos 

1 .0oa 

1 .0oa 

1 .0oa 

0.53(+0.04)  
435 &-550 nm 

12808K(+100K 

0.788 ( + O .  07 1 
- 

3.841 (70.10)  

3.701 (+0 .10 )  

0.324 

0.360 

0.337 

0.348 

0.299 

0.341 

0.313 

0.326 

- 
- 

0.01 3 (  0.01 5 )  
2 x 335 

a = f i x e d  q u a n t i t y  
b = weighted [ b  = 1/21 
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TABLE 2 

Simplex solution of BBG - B data. Only parameters subject to 

optimization are shown. 

Parameter Value 

i 

9 

5 

T2 

A 2  

U 

83 f 3  

0.74 

3.744 

3.615 

12883 

0.51 

0.01 19 
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TABLE 3 

Simplex simultaneous solution of MP B, V data. Only  parameters subject 

to optimization are shown. 

- -  

Parameter Value 

i 83 ? 3  

5 3.753 

T2 

*2 

U 

3 623 

12921 

0.52 

0.0246 
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Figure Captions 

Fig. 1- 

Fig. 2- 

Fig. 3- 

Fig. 4- 

Fig. 5- 

Fig. 6- 

Fig. 7- 

Fig. 8- 

Fig. 9- 

Fig. 10- 

MR Cyg V l i g h t  curve f i t  and r e s i d u a l s ,  s imul taneous  V and B - - 
solut ion with SYNPGM and t h e  simplex algorithm. System parameters 

a re  i n  Table 1 .  The residuals ordinate  has a sca le  fac tor  of 10 . 2 

B res iduals ,  same so lu t ion  a s  Figure 1 .  The ordinate  has  a s c a l e  

factor  of 10 . 
- 

2 

U r e s i d u a l s ,  geometr ic  parameters  from t h e  - -  V ,  B s o l u t i o n  o f  

F i g u r e s  1 and 2. The ordinate  has a sca le  f a c t o r  of 10 . 
- 

2 

Comparison of B observat ions w i t h  t h e o r e t i c a l  l i g h t  curve w i t h  

bolometric albedo A2 = 1 .O.  Other parameters i n  Table 1 .  - 
O r b i t a l  phase v a r i a t i o n  of B 3  component w i t h  e c l i p s e  e f f e c t s  

removed. The o r d i n a t e  gives t h e  cor rec t  f r a c t i o n a l  contr ibut ion 

t o  system l i g h t .  

O r b i t a l  p h a s e  v a r i a t i o n  of secondary component w i t h  e c l i p s e  

e f f e c t s  removed, and w i t h  a bo lometr ic  a l b e d o  A2 = 1.0 .  The 

o r d i n a t e  g i v e s  t h e  c o r r e c t  f r a c t i o n a l  c o n t r i b u t i o n  t o  system 

- 

l i g h t .  The s i n g l e  cycle var ia t ion ,  as c o n t r a s t e d  w i t h  F i g u r e  5 ,  

shows t h a t  r e f l e c t i o n  e f f e c t  dominates t h i s  l i g h t  var ia t ion.  

F i t  t o  the  - B observations w i t h  bolometric albedo of t h e  secondary 

component A2 = 0.5. Other parameters i n  Table 1 .  - 
O r b i t a l  phase var ia t ion  of secondary component b u t  w i t h  bolometric 

albedo A2 = 0.5. 

- V a n d  - B l i g h t  c u r v e  s o l u t i o n  l o c a t i o n s  f o r  t h e  s e c o n d a r y  

component, assuming t h e  primary component is a B3 main sequence 

object. 

Mass v3.  s p e c t r a l  c l a s s  diagram showing t h e  main sequence, the 

- 

pr imary  a t  adopted s p e c t r a l  c l a s s  B3, and l i m i t i n g  l o c a t i o n s  f o r  
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the secondary based on a photometric - q. 

is based o n  t h e  d e r i v e d  Spectral Class from F i g u r e  9. S e e  t e x t .  

A geometric model of MR Cyg based o n  a s i m u l t a n e o u s  s o l u t i o n  of V ,  

- B d a t a  a n d  a n  a s s u m e d  m a i n  s e q u e n c e  mass f o r  t h e  p r i m a r y  

component. 

The marked B7(*) l o c a t i o n  

F i g .  1 1 -  - 
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